Superconducting tunnel junctions ͑STJs͒ have been successfully used as single-photon detectors but require the use of a magnetic field to operate. A recent paper has proposed the idea to use a circuit of three junctions in place of a single junction in order to achieve the necessary biasing without applying a magnetic field. The nonlinear interaction between the different junctions in the circuit causes the existence of a stable subgap state for one of the junctions, which acts as the detector junction. In this paper, we present the first measurements demonstrating the existence of such a biasing state feasible for STJ detectors. Single junction measurements with an applied magnetic field help determine the functional form of the subgap current versus voltage; then the operating point of a three-junction circuit is measured and fit to theory. The excellent match between theory and experiment demonstrates the existence of the subgap biasing state. The outlook for possible use in detector applications is discussed.
I. INTRODUCTION
The use of superconducting tunnel junctions ͑STJs͒ as photon detectors has received attention in recent years as STJs offer high spectral resolution, single photon counting, and good quantum efficiency for low-light applications at a variety of wavelengths. 1 These detectors operate by counting the number of quasiparticle excitations that are produced when a photon is absorbed. In order to operate, the STJ detector must be biased at a voltage V less than the gap voltage V gap =2⌬ / e, where 2⌬ is the energy gap of the superconductor and e is the electron charge. Voltages in this range are usually referred to as subgap voltages. Biasing of a detector junction in the subgap is usually achieved by applying a magnetic field parallel to the tunnel barrier. While not difficult in practice, the elimination of the magnetic field could open up new applications for the STJ detector and ease constraints in fabricating large arrays. 2 In a recent paper, we proposed a new biasing scheme for the STJ detector that could potentially eliminate the need for a magnetic field. 3 In this scheme, a single detector junction is replaced by a circuit of three junctions, with one of the three junctions functioning as the detector. In the correct biasing state, which is achieved by first increasing and then decreasing the applied current, the detector junction is held at a subgap voltage through interaction with the other two junctions; no applied magnetic field is necessary. In this paper, we present experimental current-voltage ͑I-V͒ measurements that demonstrate this idea.
The paper is organized as follows. In Sec. II, we present the details of the experiments and the devices tested. In Sec.
III, we show measurements of the subgap current for a single junction by applying a parallel magnetic field. By fitting these data, we obtain a quantitative relationship for the I-V characteristics in the subgap range for our junctions. This relationship is then used to model the three-junction measurements. In Sec. IV, we present measurements of a threejunction circuit and model the movement of the detector junction's operating point as we vary the junction to which the current is applied and the operating temperature. Comparisons between theory and experiment are shown. These measurements demonstrate that we have obtained the correct biasing state. Finally, in Sec. V, we present conclusions and outlook for use in future detectors.
II. EXPERIMENTS AND SAMPLES
The measurements were conducted on junctions fabricated at a current density of 30 A / cm 2 by Hypres, Inc. 4 One single junction device ͑labeled 1J-1͒ and two different threejunction devices ͑labeled 3J-1 and 3J-2͒ were studied in detail. The three-junction devices have the three junctions in a superconducting rectangular loop of 110ϫ 150 m 2 ; the size of the loop was found to be unimportant in our previous theoretical study. 3 Table I lists the parameters of the different junctions. The single junction device was diamond shaped to reduce the amount of parallel magnetic field necessary to suppress the Josephson supercurrent. For the three-junction devices, the different junctions are labeled A, B, and C. Junction A is the largest junction and has a relative size of 1.0, while junctions B and C have relative sizes of either 0.5 or 0.3. The critical current, I crit , scales proportionally with area. In our original designs, Junction C was designated as the detector junction; thus, to facilitate comparison, it is also diamond shaped. The single junction device 1J-1 was on the same physical chip as the three-junction device 3J-1 and was b͒ Electronic mail: ksegall@mail.colgate.edu. a͒ measured in the same cooldown. The three-junction device 3J-2 was on a different chip and was measured in a different cooldown. The sizes and areas listed have an uncertainty of a few percent due to the process bias of the Hypres fabrication.
The measurements conducted were straightforward measurements of the I-V curves at different temperatures. All experiments were performed from a temperature of T = 0.25 K to about T = 2.5 K in a pumped 3 He refrigerator. The single junction device was current biased with a voltage source and a 500 k⍀ resistor. A magnetic field of about 13 G was applied parallel to the junction in order to suppress the Josephson supercurrent. Figure 1 shows the electrical biasing schemes used in the three-junction device measurements. The three-junction devices were biased with a 2 k⍀ resistor and no applied magnetic field. A total current I T was applied to the circuit; its value was determined by measuring the voltage across the bias resistor. Junction voltages were measured directly across two of the junctions ͑V A and V C ͒, while the remaining voltage ͑V B ͒ was determined from Kirchhoff's voltage law, V B = V A + V C . Note that I T represents the total current flowing in the circuit; the current division between junction B and junctions A and C is not measured directly, but rather inferred from the modeling ͑see Sec. IV͒. Voltages were measured with a Burr-Brown INA110 instrumentation amplifier, digitized with a National Instruments PCI card, and saved on disk.
In the three-junction devices, all of the junctions were fabricated with leads attached to them. It was thus possible to change the junction to which the current was applied. Our model predicts that the operating voltages in the correct biasing state should depend on their relative size. By changing the junction to which we applied the current, we were able to test these aspects of our model. Figure 2 shows the four different measurement configurations that we used. In Fig. 1 , the current was shown being applied to junction B, with the voltage measured across junctions A and C; this corresponds to configuration I in Fig. 2 . The discussion below will focus first on this configuration, because the effect of the size difference between junctions A and C was the most dramatic. Later, results will be shown for all four configurations.
III. SINGLE JUNCTION MEASUREMENTS
In order to facilitate comparison with theory for the three-junction devices, the subgap current for the single junction 1J-A was first measured and analyzed. Figure 3 shows the current voltage characteristics for three different temperatures: 0.80, 2.18, and 2.50 K. The value of the subgap current in the 0.3-0.6 mV range at 2.18 K is 10 nA, about 3 ϫ 10 −4 times I crit . The first Fiske step is apparent at approximately V = 0.6 mV, which agrees with that predicted by the size of the junction. 5 Also shown in figure are the fits to theory. The theoretical current is determined from two processes: superconductor-insulator-superconductor ͑SIS͒ tunneling between two superconductors of the same energy gap and a small amount of superconductor-insulator-normal ͑SIN͒ tunneling, likely due to normal regions of trapped flux near the tunnel barrier. The total current is obtained from a weighted sum of these two currents, I SS and I SN , and a third current, I gap , to account for the current rise at V gap due to broken Cooper pairs. I SS is given by the BCS quasiparticle current for tunneling between two superconductors of equal energy gaps,
Here R N is the normal-state resistance of the junction, k is Boltzmann's constant, and K 0 indicates the zeroth-order modified Bessel function. The value of R N is calculated from the critical current using the Ambegaokar and Bartoff relationship.
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I SN is given by an integral over energy,
Here EЈ is a variable of integration, f͑EЈ͒ and f͑EЈ − eV͒ are the Fermi functions evaluated at EЈ and EЈ − eV, respectively, and the range of integration excludes ͉EЈ͉ Ͻ⌬. The parameter V 0 represents the gap of the superconducting material from which the quasiparticles are tunneling. We found V 0 to be slightly less than ⌬ Nb , probably due to the thin aluminum deposition in the niobium trilayer fabrication process. I SN is multiplied by a factor ␤ in the expression for the total current, where ␤ represents the strength of the SIN tunneling relative to the SIS tunneling ͑␤ Ӷ 1͒. The current I gap is given by the following empirical expression:
This term is equal to zero if eV Ӷ 2⌬ and equal to ͑V / R N ͒ if eV ӷ 2⌬; this functional form has been used elsewhere. 8 The value of ␣ gives the width of the current rise at ͑2⌬ / e͒, with larger values of ␣ giving a sharper rise in current. It is chosen to match experiment. The total current I is then given by
The fits to Eqs. ͑1͒-͑4͒ are shown in Fig. 3 , showing good agreement. The fitting parameters for the model are ⌬, ␣, ␤, and V 0 . The parameter values used in Fig. 3 are given in Table II . The value of ␤ ϳ 10 −3 indicates that the SIN tunneling is very small as compared to the SIS tunneling. No attempt was made to change the amount of SIN tunneling by heating and cooling in different fields or by improving the magnetic shielding; this remains an issue for future work. However, knowing the amount of SIN tunneling gives us a functional form for a single I-V curve and allows us to proceed with our study of the subgap biasing state.
IV. JUNCTION MEASUREMENTS
Because no magnetic field is applied in the threejunction measurements, the current-voltage characteristics for the three-junction devices are hysteretic. Thus, the I-V curves are different depending on whether the current is increasing from zero or decreasing from large current values ͑greater than several times V gap / R N ͒. In our previous numerical studies, we found that increasing the current led to somewhat complex switching dynamics, whereas decreasing the current resulted in simpler dynamics that could be described by a basic dc model. Our experiments confirmed this. In this section we show the results for the three-junction devices, focusing first on increasing the current and then on decreasing the current. ͑1͒-͑4͒, using the parameters in Table I . In order to predict the form of the I-V curve for increasing the current, a full time-dependent model must be applied. The complete Resistive and Capacitive Shunted Junction ͑RCSJ͒ form of the current is used for each junction and the system equations are obtained by current conservation and fluxoid quantization. Such a model was explained previously. 3 The results of this model are shown in Fig. 4͑b͒ . As can be seen, the qualitative features of the dynamics-the order of the junction switching and the general shape of the I-V curves-are reproduced by the model.
After all the junctions have switched to the voltage state, the system is in a full whirling mode. If the current is now decreased, the system follows a different path than it did when the current was increased, as shown in Fig. 5͑a͒ . Kirchhoff's voltage law continues to require that V B = V A + V C . Figure 5͑b͒ shows the predictions of the full model, again showing good qualitative agreement.
In the experiments, the applied current was decreased to a certain value and then held constant. At this point the system has reached the detector biasing state; junctions A and C are biased in the subgap. This bias point is experimentally stable over time and does not retrap, as it does when decreasing the bias current in a single junction. The time stability was not measured directly, but the state was stable on the order of an hour as we performed our measurements. The state also seemed stable against small amounts of bias voltage and temperature fluctuations; no study was done to see how stable it was against parasitic interference. Our numerical study showed that the biasing state is theoretically stable for potentially very long periods of time. 3 The fact that junctions A and C are now biased in the subgap is perhaps not fully convincing from Fig. 5 . Although V A and V C are less than V gap , the total current flowing in the circuit is still of order I crit , whereas the subgap current is of order 10 −4 I crit , as measured in Sec. III. What is actually occurring is that nearly all of the bias current I T is flowing through junction B, while only the small subgap current is flowing through junctions A and C. We now attempt to show this by tracking the changes in the operating point as we vary the junction to which current is applied and the operating temperature.
When decreasing the current, the full time-dependent model is no longer necessary. A simpler dc model, using only Kirchhoff's voltage and current laws, describes the circuit dynamics well. This model is given for configuration I as
The functions I A ͑V A ͒, I B ͑V B ͒, and I C ͑V C ͒ are equal to the function I͑V͒ given by Eqs. ͑1͒-͑4͒. The functions differ only in that the different-sized junctions have different values of the normal-state resistance R N . Equations ͑5͒-͑7͒ are for the circuit of configuration I; for configurations II-IV, junctions A, B, and C change places appropriately. After decreasing the current, the voltage V B is approximately equal to a constant value V gap , so we can approximate Eq. ͑5͒ with V gap = V A + V C . Rearranging this we find that V C = V gap − V A . Now, Eqs. ͑5͒-͑7͒ can be solved graphically by plotting the I-V curve for junction A, I A ͑V A ͒, and the reflected I-V curve for junction C, I C ͑V gap − V A ͒, on the same axis. Since the currents I A and I C are equal, the curves intersect at the operating voltage V A . This is done in Fig. 6͑a͒ for T = 0.8 K. The intersection of the two points gives the solution V A Ϸ 1.25 mV. Since V gap is about 2.8 mV, this gives V C Ϸ 1.55 mV. We now consider how this operating point ͑V A , V B , V C ͒ varies as we change where the current is applied and the operating temperature. First, we consider the effect of differing junction sizes. Also plotted in Fig. 6͑a͒ is the reflected curve for I A , I A ͑V gap − V A ͒, as a dashed line. This would represent the case when junctions A and C are the same size. In that case, the two curves would intersect at an equal voltage where V A = V C = V gap / 2. This point is indicated in Fig. 6͑a͒ . However, since junction C is smaller than junction A, I C is less than I A at a given voltage. The intersection of the two curves occurs more to the left, at a smaller value of V A . Thus, the operating point is at a smaller voltage for junction A and a larger voltage for junction C than if the two junctions were the same size.
Next we consider the effect of changing temperature. Figure 6͑b͒ shows the same model again for configuration I, but now for T = 2.5 K. Because of the size difference between junctions A and C, the operating point again occurs at a lower voltage, less than V gap / 2, as in Fig. 6͑a͒ . The larger temperature simply enhances the effect, moving the operating point even further to the left than it was at 0.8 K. Junction C now sits on the gap rise, while junction A sits in the low voltage thermal part of the I-V curve. As the temperature is increased, the operating point continues moving toward larger values of V C and smaller values of V A .
In Fig. 7 we now present the full measurements of the operating point versus temperatures for the four different configurations described in Fig. 2 . In each case, the graphs show similar trends. At low temperatures, the operating point is independent of temperature. Of the two junctions biased in the subgap, the larger-sized junction always sits at a lower voltage, while the smaller-sized junction is at a higher voltage. Thus, in configuration II we have V C Ͼ V B , in configuration III we have V B Ͼ V A , and in configurations I and IV we have V C Ͼ V A . As the temperature increases, the difference in the two subgap voltages also increases, resulting in the "spreading" seen in all four plots.
Also shown in Fig. 7 are the fits from the dc model ͓Eqs. ͑5͒-͑7͔͒. The fitting parameters for the three different devices are shown in Table II . The parameters are all very similar. The value of ⌬ is close to the expected value of 1.4 mV for Nb, and the value of V 0 is slightly less than 1.4 mV. The value of ␤ indicates that the SIN tunneling is much weaker than the SIS tunneling.
From the excellent agreement between experiment and theory in Fig. 7 , it is clear that the subgap biasing state has been reached. It is also clear that the dc model describes the movement of the operating point quite well. Device 3J-1 was measured in three different configurations ͑configurations I, II, and III͒ and the fits were obtained with a single set of fitting parameters.
V. CONCLUSIONS
We have demonstrated stable biasing of a STJ at subgap voltages without a magnetic field. By first measuring the subgap current of a single junction, we were able to establish a functional form of the current versus voltage for our junctions. Using that functional form, we were able to fit the operating point of a three-junction circuit and model its movement as we varied temperature and the junction to which current was applied.
The subgap biasing state is achieved by first increasing and decreasing the current; these hysteretic dynamics is due to the nonlinearity of the junctions in the circuit. These dynamics are similar to a nonlinear mode called a discrete breather, which can exist in a Josephson ladder. 9 A type B breather 9 has junction voltages of V g , V g / 2, 0, and V g / 2 going around a loop; the subgap voltages of V g / 2 occur without a magnetic field. These experiments motivated our design for the biasing circuit. A three-junction circuit in a single cell displaying breatherlike states and subgap voltages was reported in a more recent work; 10 we chose to pursue our design because the breatherlike states in those experiments need the application of a second bias current to be excited. To the best of our knowledge, the nonlinear subgap biasing state we have shown is not achievable by replacing any of the three junctions with a resistor.
The possible implications for STJ detectors have been discussed in our previous work, and that discussion remains relevant after these experiments. 3 While the subgap state clearly exists, it will still take some work to construct a practical detector with magnetic-field-free biasing. The main issue is the dynamic resistance. Two junctions are biased in the subgap ͑for example, A and C in configuration I͒; presumably, the photon-induced current will flow out of only one of them ͑junction C͒. The read-out amplifier will then see the parallel resistance of the two junctions A and C. For experiments at higher photon energies, where the amplifier noise can typically be made smaller than intrinsic fluctuations, this will most likely not have a severe impact; at lower photon energies, it may matter more. However, now that the biasing state has been demonstrated, there are other possibilities open to consideration. For example, one could measure the voltage change due to a photon directly, instead of measuring the current, as is done in most existing experiments. One could also allow both junctions biased in the subgap ͑e.g., junctions A and C in configuration I͒ to be exposed to photons, and read out both signals. This would allow for a greater reduction in amplifier leads. These two junctions The points are measurements and the solid line is the theory from the dc model. Of the two junctions biased in the subgap, the smaller junction always lies at a higher voltage. At low temperatures, the operating point is independent of temperature. At higher temperatures, the effect of the size differences is enhanced, resulting in the spreading seen in the plots.
could perhaps be the two junctions in a distributed-readouttype of detector. 11 The power dissipation by the biasing junction, for example, junction B in configuration I, is of order P = IV ϳ 1 W. Most cryogenic systems have a cooling power of order 10-100 W, so this is not necessarily a big problem as far as heat is dissipated in the bath. The heat from the biasing junction could locally heat up one of the other two junctions, although it appears that this did not happen in our measurements. If local heating is a problem, the biasing junction could be put on a membrane with the substrate etched away. These and other issues will need to be sorted out in future experiments.
